Although culms of bamboo are utilized for various materials, technologies for effective use of bamboo rhizomes have not been established yet. In this study, therefore we analyzed the rhizomes of moso bamboo (Phyllostachys pubescens) to determine their chemical components and to quantify various inorganic substances for the purpose of the investigation of their fundamental characteristics. The ash and extractable compounds contents were much higher in the rhizomes than in the culms. The lignin and cellulose contents were higher in the culms than in the rhizomes. The hemicellulose content was higher in the rhizomes than in the culms. The ash particles formed various shapes: needles, grains, and fluff. The ash particles contained high levels of O, Mg, Si, P, S, and K. We mapped the localization of various inorganic substances in the rhizome, and observed that Si was concentrated in the epidermis. The distributions of elements were different among various tissues in the rhizome such as metaphloem and tylosoid. The amount of extractives tended to increase in rhizomes from summer to autumn. The amount of free saccharides such as sucrose, glucose and fructose, and starch tended to decrease in summer and increase from winter to spring. The highest free saccharides and starch content (12%) was in rhizomes collected in April. Sucrose and starch were the main components of total free saccharides and starch in all seasons.
Introduction
In Japan, bamboo forests have been managed for a long time to provide bamboo culms, which are used as materials for ornaments and building, and bamboo shoots, which are used as food. In recent years, however, the demand for bamboo has decreased as a result of importation of cheap bamboo shoots, and because of the increasing availability of other materials such as steel and plastic. Thus, the management of bamboo forests has also decreased, and this is one reason for their spread 1) . The bamboo forests that are no longer actively managed are spreading rapidly in many areas of Japan. The strong growth of bamboo allows it to invade surrounding forests 2) . The spread of bamboo also threatens agricultural lands, and can lead to poor biodiversity and the risk of landslides 3)-5) .
Only a small proportion of the bamboo biomass is used at present. To develop new technologies to use bamboo effectively, researchers in the private and public sector have explored the use of bamboo to make charcoal and vinegar, and as a source of fibers 6)-9) . These researches focused on using the culms, that is, the above-ground parts of the plant.
Removing the rhizomes with the culms is an effective method to prevent the spread of bamboo forests, since bamboo propagates from the rhizomes. Technologies for effective use of the rhizomes have not been established because there is less scientific information about these tissues.
It is important to determine their fundamental characteristics to use them effectively. In this study, therefore, we analyzed the rhizomes of the main bamboo species in Japan, moso bamboo (Phyllostachys pubescens), to determine their chemical components and to quantify various extractable and inorganic substances.
Materials and Methods

Materials
We collected rhizomes of moso bamboo (P. pubescens) nine times between 21 February 2012 and 22 February 2013 from the bamboo forest in Takagamine, Kyoto. This forest is a part of Kyoto Prefectural University, located at 353′17″N and 13543′30″E. The dominant species in the bamboo forest is moso bamboo, with an approximate density of 4000 culms/ha. The soil was carefully removed from the rhizomes.
The cleaned rhizomes were kept at −18C until analysis.
Three different rhizomes collected randomly from the bamboo forest were used for each analysis.
Component Analysis
We used the rhizomes collected on 21 February 2012 to analyze cellulose, hemicellulose, lignin, extractives, and ash contents. The rhizomes were ground to a powder using a Wiley mill. The powder was sieved to obtain particles of less than 180 µm. After oven drying at 105C for 24 h, the rhizome samples were stored in a desiccator.
To determine the amount of extractives, the oven-dried To determine ash content, the oven-dried samples were incinerated at 600C for 4 h. The residue was weighed and the ash content calculated on a dry weight basis.
The samples extracted using the ethanol-benzene mixture and water, as described above, were used to determine the contents of Klason lignin and acid-soluble lignin. The samples were treated with 72% sulfuric acid as described elsewhere 10) .
The contents of cellulose and hemicellulose were determined as follows: a portion of the samples extracted with the ethanol-benzene mixture and water was added to distilled water. Then, sodium chlorite was added to the mixture to a final concentration of 0.09 M, along with a little acetic acid. The obtained reaction mixture was heated at 80C, and sodium chlorite with a little acetic acid was added to the reaction mixture every hour for 4 h. Then, the mixture was filtered. The residue consisted of holocellulose, which was oven-dried at 105C for 24 h and then weighed. The dried holocellulose was extracted with 17.5% aqueous sodium
hydroxide to obtain α-cellulose. The α-cellulose content was determined as cellulose. The hemicellulose content was calculated as the difference between the amounts of holocellulose and cellulose.
SEM-EDX Analysis
We conducted elemental analyses to analyze the distribution of various elements in the rhizomes. Small pieces of rhizomes were sectioned using a sliding microtome. The sections were dried at 105C for 24 h, mounted on a carbon specimen holder, and then carbon-coated. The exposed surface was examined under a field emission-scanning electron microscope (FE-SEM) (S-4800, Hitachi) coupled with an energy dispersive X-ray analyzer (EDX) (Genesis XM2, EDAX, Japan). 
Analysis of Free
Quantification of Sucrose, Fructose, and Glucose
The supernatant was filtered through a 0.45-μm filter and 
where W 2 is the weight of the sample (10 mg), and W 1 is the weight of sucrose, fructose, and glucose determined by HPLC analysis.
Starch Analysis
We used the alkaline extraction -glucoamylase hydrolysis method 11) to determine the starch content in rhizomes. To prepare the enzyme solution, glucoamylase (derived from Rhizopus sp., Oriental Yeast Co. As a control, the filtrate obtained using the same procedure but without sample was analyzed. The analytical conditions were as follows: column, Aminex HPX-87H (Bio-Rad Ltd.); column temperature: 45C; eluent, 5 mM sulfuric acid; flow rate, 0.6 mL/min; detector, refractive index detector (RID).
The starch content of the rhizome was calculated using the following equation:
where W 3 is the weight of glucose after alkaline extraction and enzymatic hydrolysis, W 4 is the weight of free glucose calculated in 2.4.2, and W 5 is the weight of glucose in the control solution.
Results and Discussion 3.1 Component Analysis
The chemical components of rhizomes are shown in Table 1 . For comparison, those of 3-year-old culms reported previously 12) are also included in this Table. However, acid soluble lignin and standard deviations were not shown in previous report. There were higher contents of ash and extractives in rhizomes than in culms. Since the rhizomes grow underground, they are likely to absorb large amounts of inorganic substances from the soil. The extractable compounds consisted of free saccharides and starch as described later. Energy and nutrients are stored as these compounds in the rhizomes. The lignin and cellulose contents were higher in culms than in rhizomes, whereas the hemicellulose content was higher in rhizomes than in culms.
Elemental Analysis by SEM-EDX
Before analyzing the distribution of elements in rhizomes, ash from the rhizomes was analyzed by SEM-EDX (Fig. 2) .
We conducted this analysis because minor elements in the sample can be detected in ash after condensation of inorganic substances by incineration. We observed various shapes of ash particles, such as needles (Fig. 2a, arrows) , grains ( Fig.   2a , circle) and fluff (Fig. 2a, squares) . The EDX spectrum, obtained from the area of Fig. 2(a) , is shown in Fig. 2(b) . The ash contained O, Mg, Si, P, S, and K; each of these elements is mapped in Fig. 2(c), (d) , (e), (f), and (g), respectively. We could not map S because it was present at very low levels.
Needle ash contained Si, while Mg, P, and K were distributed in grains and fluff ash. All of the ash particles contained O.
These results suggest that ash needles were mainly composed of silicon oxides such as SiO 2 . These results also imply that the distribution of these elements was not homogeneous in the rhizome tissues.
To analyze the distribution of elements in the rhizomes in more detail, we conducted SEM-EDX mapping analyses for each element in rhizome cross sections. Figure 3 shows the distribution of elements around the epidermis (upper) and vascular (lower) tissues. Silicon was concentrated around the epidermis (arrow, Fig. 3(b) ) and the parenchyma around the bundle sheath ( Fig. 3(e) ). The beneficial effects of Si in the rind of root tissues have been reported for a wide variety of plant species. It prevents various fungal and bacterial diseases, and also alleviates the effects of various abiotic stresses such as salt stress, metal toxicity, drought stress, high temperature, and freezing 13)- 14) . It is possible that Si in the rhizomes of bamboo has similar effects. We observed that K was concentrated in the parenchyma (Fig. 3(c) ) and the tylosoid ( Fig. 3(f) , arrows).
We conducted SEM-EDX analyses of radial sections of the rhizome to observe the distribution of elements around the epidermis (Fig. 4(a) ) and pith hole (Fig. 4(c) ). The external epidermis layer contained Mg, Al, P, K, and Si ( Fig.   4(a) A) . We observed that Mg, P, and K were located in the parenchyma around the epidermis (( Fig. 4(a) B) . Around the pith hole, Mg, Si, and P were concentrated in the parenchyma (Fig. 4(c) C) . However, the pith hole film (Fig. 4(c) D) , contained P and K but not Mg and Si. The parenchyma around the epidermis differed from that around pith hole in that it contained Si.
We conducted SEM-EDX analyses of radial sections of vascular and tylosoid tissues. There were no significant peaks in the EDX spectrum from the bundle sheath ( Fig. 5(a) A) , although there were slight peaks for P and K. These results indicated that the bundle sheath contained very low levels of inorganic substances. The metaphloem (Fig. 5(a) B) contained K and high levels of P. The main function of the metaphloem is to carry and store nutrients. One of the essential nutrients is P, which plays important roles in leaf photosynthetic capacity 15) . There were no significant peaks in the spectrum from cells between the metaphloem and vessel ( Fig. 5(a) C) , indicating low levels of inorganic substances. The metaxylem (Fig. 5 (a) D) contained P and K, both of which are important macronutrients for plants, with functions in metabolism, growth, and stress adaptation 16) . The main function of the metaxylem is to carry water with essentialminerals such as N, P, and K into the above-ground parts. Thus, the metaxylem contains high concentrations of P and K. The main element in the tylosoid (Fig. 5(c) F) was K. This result is consistent with the mapping analysis shown in Fig. 3(F) . These results show that the distribution of elements in the rhizome is heterogeneous, and depends on the function of each tissue in the rhizome.
Extractable Substances
There were seasonal changes in the amount of extractives (Fig. 6) April. The water extractives accounted for 80-90% of extractives; therefore, most of the extractives could be extracted using hot water. In a previous study, the proportion of water extractives in culms was reported be 7-13% 17) , approximately half of the proportion in rhizomes.
Additionally, the water extractives substances in culms contained free saccharides such as sucrose, glucose, and fructose, and starch. It is possible that there are larger amounts of these saccharides in rhizomes than in culms.
Free Saccharides and Starch
To determine the amount of free saccharides and starch in rhizomes, we quantified starch, sucrose, glucose, and fructose (Table 2 ). The total free saccharides and starch content ranged from 3% to 12% of the rhizomes' dry weight. The free sccharides and starch content tended to decrease in summer, with the lowest value recorded for rhizomes collected in July.
The range of glucose, fructose, and sucrose contents were 0.2-0.5%, 0.3-1%, and 2-4% of the rhizomes' dry weight, respectively. The starch contents drastically increased from 1% to 9% over 12 months. In a previous study, the starch contents in moso bamboo culms was reported to tend to decrease in August and increase in February 18) , which is similar trend in rhizomes. The highest total free saccharides and starch content was 12% (April), and starch accounted for nearly 75% of the total free saccharides and starch. Sucrose and starch were the main components of total free saccharides and starch in all seasons, while glucose and fructose were present at much lower levels. These free saccharides accounted for 20-60% of the water-extractable substances. These results showed that the rhizomes store large amounts of saccharides between winter and spring.
Bamboo grows rapidly from the rhizome. Thus, the amount of free saccharides and starch that are important for spring growth increases in winter.
Conclusion
We characterized the rhizomes of bamboo and found that they contain several elements and abundant free saccharides.
To prevent the spread of bamboo forests in Japan, it is advisable to remove the rhizomes as well as the culms. The culms can be used as materials for various purposes, but it has been more difficult to use rhizomes as general materials because their shape and properties differ from those of the culms. Thus, exploitation of the chemical components of the rhizomes is a more suitable strategy to use these materials. 
